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A B S T R A C T
Since the 1980s, we have witnessed the rapid development of genetically modified mouse models of human
diseases. A large number of transgenic and knockout mice have been utilized in basic and applied research,
including models of neurodegenerative and neuropsychiatric disorders. To assess the biological function of
mutated genes, modern techniques are critical to detect changes in behavioral phenotypes. We review the
IntelliCage, a high-throughput system that is used for behavioral screening and detailed analyses of complex
behaviors in mice. The IntelliCage was introduced almost two decades ago and has been used in over 150 studies
to assess both spontaneous and cognitive behaviors. We present a critical analysis of experimental data that have
been generated using this device.
1. Introduction
Over the past decades, a vast number of genetically modified mice
that carry mutations of genes associated with the nervous system have
been generated. They allow the assessment of gene-behavior relation-
ships that reveal links between individual genes and complex beha-
viors, such as activity [1], anxiety [2], aggression [3], and learning and
memory [4,5]. Mutant mice have become the animal model of choice to
mimic specific human genetic conditions and various brain disorders.
The need for high-throughput, well-standardized, and validated
methods of behavioral screening have subsequently emerged.
Initially, mouse behavior was most often assessed using tasks that
were primarily developed for rats. Unlike rats, however, adult mice are
difficult to handle and habituate to human experimenters. Thus, in-
troducing mice to test chambers causes considerable stress that can
obscure results. Furthermore, isolating mice, either for easier handling
or home cage testing, is a potential long-term stressor that can affect
behavior [6]. Therefore, there is a pressing need to reduce variability
that is caused by environmental factors, human handling, and poorly
standardized housing and experimental protocols. In order to obtain
standardized scoring methods at least three approaches have been ap-
plied by behavioral neuroscientists: (i) using fully automated
equipment, such as open field, 0-maze, elevated plus maze, acoustic
startle, prepulse inhibition, fear conditioning, operant learning or au-
tomated home cage-like systems: Phenomaster, Phenotyper, Pheno-
cube, IntelliCage, (ii) semi-automated programs tracking mice in sev-
eral mazes (Morris water maze, open field, novel object recognition, 3-
chambered social tests), (iii) non-automated scoring based on re-
searcher observation and skills used for forced swim, tail suspension,
reciprocal social interactions, evaluation of self-grooming, etc.
Here we focus on the IntelliCage, a fully automated system for the
behavioral assessment of mice that live in social groups [7,8]. Im-
portantly, automation can improve reproducibility and thus decrease
the number of animals and experimental replications that are required
to obtain reliable results.
The IntelliCage was inspired by observations of freely moving mice
in their natural environment, particularly genetically lesioned animals
that were living in large outdoor pens and subjected to constantly
changing environmental and social conditions [9–11]. Laboratory mice
rapidly responded to restricted food supply received in computer-con-
trolled complex feeder boxes in the outdoor pens, by adapting their
temporal and spatial patterns of feeding to the new situation [9,10].
Such naturalistic experimental setup was then scaled down to a big cage
in the laboratory, namely the IntelliCage. It provides a training/testing
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Table 1
Current state of behavioral knowledge obtained with the IntelliCage by 80 research groups to date. Approximately 3500 animals have been investigated, including
inbred and outbred strains of mice (C57BL/6, C3H, DBA/2, 129S2, BALB/c, and Swiss albino mice), wild housed mice, bank voles, long-tailored wood mice, and
approximately 50 genetically modified mouse strains. Pharmacological treatment with drugs and interventional studies (e.g., irradiation and traumatic brain injury)
have also been conducted.
Behavioral parameter Procedure Reference
ACTIVITY Free exploration Akbergenov 2018 [121]; Berry 2012 [47]; Branchi 2013 [75]; Cathomas 2015 [35],
Cathomas 2015 [122]; Codita 2010 [22]; Codita 2012 [55]; Endo 2012 [66]; Ermakova
2011 [25]; Festa 2019 [123]; Fischer 2017 [124]; Gapp 2014 [61]; Gumucio 2013 [125];
Heidari 2016 [24]; Heinla 2018 [126]; Ishii 2015 [67]; Ismail 2017 [127]; Jedynak 2012
[14]; Jensen 2015 [84]; Kalm 2013 [49]; Kiryk 2008 [18]; Kobayashi 2013 [33]; Konopka
2010 [41]; Krackow 2010 [50]; Kulesskaya 2013 [12]; Kulesskaya 2014 [76]; Lan 2011
[44]; Lee 2015 [43]; Macpherson 2016 [128]; Masuda 2016 [87]; Mechan 2009 [58];
Mijakowska 2017 [129]; Milior 2015 [74]; Muthuraju 2012 [32]; Muthuraju 2013 [130];
Nowak 2013 [69]; Ogi 2013 [131]; Ogi 2015 [132]; Onishchenko 2007 [34]; Osman 2014
[59]; Patrikainen 2014 [71]; Pelsoczi and Levay 2017 [133]; Raab 2018 [134]; Radwanska
and Kaczmarek 2012 [72]; Ramakers 2012 [57]; Robinson and Riedel 2014 [15]; Roccaro-
Waldmeyer 2018 [135]; Roughton 2012 [51]; Rudenko 2009 [16]; Ryan 2013 [42]; Sato
2018 [104]; Schuler 2012 [136]; Simmons 2016 [137]; Too 2016 [26]; Too 2016 [138];
Too 2016 [139]; Too 2016 [36]; Too 2019 [119]; Ujita 2018 [140]; van Dijk 2016 [38];
van Dijk 2019 [141]; Vannoni 2014 [21]; Viosca 2009 [17]; Voikar 2010 [142]; Voikar
2018 [31]; Xia 2015 [56]; Yang 2016 [82]; Zheng 2018 [143]; Zhu 2010 [54]
Habituation Benner 2014 [65]; Berry 2012 [47]; Caly 2019 [144]; Codita 2010 [22]; Gumucio 2013
[125]; Harda 2018 [145]; Heidari 2016 [24]; Holter 2015 [146]; Kobayashi 2013 [33];
Krackow 2010 [50]; Maroteaux 2018 [147]; Mechan 2009 [58]; Onishchenko 2007 [34];
Perez-Alcazar 2014 [148]; Ramakers 2012 [57]; Rudenko 2009 [16]; Ryan 2013 [42]; Too
2014 [27]; Too 2014 [29]; Too 2014 [30]; Too 2019 [119]; vanDijk 2016 [38]; van Dijk
2019 [141]; Voikar 2013 [23]; Weyer 2011 [13]
Nosepoke adaptation Cathomas 2015 [35]; Cathomas 2015 [122]; Codita 2012 [55]; Ermakova 2011 [25];
Heidari 2016 [24]; Holter 2015 [146]; Ishii 2015 [67]; Ismail 2017 [127]; Kalm 2013 [49];
Krackow 2010 [50]; Kulesskaya 2013 [12]; Kulesskaya 2014 [76]; Lee 2015 [43];
Maroteaux 2018 [147]; Marwari and Dave 2019 [78]; Mechan 2009 [58]; Mijakowska
2017 [129]; Ogi 2013 [131]; Ogi 2015 [132]; Raab 2018 [134]; Sano 2016 [149]; Serchov
2020 [150]; Simmons 2016 [137]; Too [26,27,28,29,36,138,139]; Weyer 2011 [13]; Xia
2015 [56]; Yang 2016 [82]; Zhu 2010 [54]
Long-term home cage activity Rudenko 2009 [16]; Rudenko 2019 [151]
Circadian activity Cathomas 2015 [35]; Cathomas 2017 [152]; Hardt 2019 [153]; Heinla 2018 [126];
Kulesskaya 2014 [76]; Marwari and Dave 2018 [154] and 2019 [78]; Mohammadi 2017
[155]; Piechota 2012 [156]; Too [26,119,138]; Ujita 2018 [140]; Welz 2019 [157]
EMOTIONALITY Reaction to new environment Ben Abdallah 2013 [158]; Galsworthy 2005 [20]; Krackow 2010 [50]; Kulesskaya [12,76];
Onishchenko 2007 [34]; Peltola 2015 [159]; Rudenko 2009 [151]; Simmons 2016 [137];
Ujita 2018 [140]; Voikar 2013 [23]
Novel object preference Codita 2010 [22]; Faizi 2011 [48]; Mechan 2009 [58]
Novel smell (neophobia) Codita 2010 [22]
Light response test Too [26,27,28,29,30,36,119,139]
LEARNING and MEMORY Drinking session adaptation Codita 2010 [22]; Festa 2019 [123]; Frohlich 2019 [160]; Ishii 2015 [67]; Kobayashi 2013
[33]; Kulesskaya 2014 [76]; Lee 2015 [43]; Maroteaux 2018 [147]; Safi 2006 [83]; Too
[26,36,138,139]; van Dijk 2019 [141]; Voikar 2018 [31]
Place learning Albuquerque 2013 [161]; Barlind 2010 [46]; Ben Abdallah 2013 [158]; Berry 2012 [47];
Caly 2019 [144]; Codita [22,55]; Dere 2018 [162]; Ermakova 2011 [25]; Faizi 2011 [48];
Fischer 2017 [124]; Fuchs 2018 [163]; Galsworthy 2005 [20]; Gumucio 2013 [125]; Hardt
2019 [153]; Heidari 2016 [24]; Holter 2015 [146]; Huo 2012 [40]; Ismail 2017 [127];
Itawa 2014 [164]; Jaholkowski 2009 [45]; Jensen 2019 [165]; Kalm [49,60]; Karlsson
2011 [19]; Kato 2018 [102]; Kiryk 2008 [18]; Knapska [53,73]; Kobayashi 2013 [33];
Konopka 2010 [41]; Koss 2016 [166]; Krackow 2010 [50]; Kulesskaya [12,76]; Lan 2011
[44]; Lee 2015 [43]; Maroteaux 2018; [147]; Masuda 2016 [87]; Matlik 2018 [167];
Mechan 2009 [58]; Netrakanti 2015 [168]; Onishchenko 2007 [34]; Orock 2018 [169];
Osman 2014 [59]; Pan 2018 [170]; Pelsoczi and Levay 2017 [133]; Peltola 2015 [159];
Perez-Alcazar 2014 [148]; Puscian 2014 [100]; Raab 2018 [134]; Robinson 2014 [15];
Roccaro-Waldmeyer 2018 [135]; Roughton 2012 [51]; Rudenko 2009 [16]; Ryan 2013
[42]; Sato 2018 [104]; Sekiguchi 2011 [171]; Simmons 2016 [137]; Ujita 2018 [140];
Vazquez 2015 [81]; Voikar 2018 [31]; Vyssotski 2011 [172]; Weyer 2011 [13];
Wilhelmsson 2019 [106]; Xia 2015 [56]; Yang 2016 [82]; Zheng 2018 [143]; Zhu 2010
[54]
Reversal place learning Albuquerque 2013 [161]; Ben Abdallah 2013 [158]; Berry 2012 [47]; Codita [22,55]; Dere
2018 [162]; Fischer 2017 [124]; Fuchs 2018 [163]; Galsworthy 2005 [20]; Gumucio 2013
[125]; Hardt 2019 [153]; Heidari 2016 [24]; Holter 2015 [146]; Huo 2012 [40]; Ismail
2017 [127]; Itawa 2014 [164]; Jensen 2019 [165]; Kalm [49,60]; Karlsson 2011 [19]; Kato
2018 [102]; Kobayashi 2013 [33]; Koss 2016 [166]; Krackow 2010 [50]; Kulesskaya
[12,76]; Lan 2011 [44]; Lee 2015 [43]; Maroteaux 2018; [147]; Masuda 2016 [87];
Mechan 2009 [58]; Netrakanti 2015 [168]; Onishchenko 2007 [34]; Orock 2018 [169];
Osman 2014 [59]; Pan 2018 [170]; Pelsoczi and Levay 2017 [133]; Peltola 2015 [159];
Perez-Alcazar 2014 [148]; Puscian 2014 [100]; Raab 2018 [134]; Robinson 2014 [15];
Roccaro-Waldmeyer 2018 [135]; Roughton 2012 [51]; Rudenko 2009 [16]; Ryan 2013
[42]; Sato 2018 [104]; Sekiguchi 2011 [171]; Simmons 2016 [137]; Ujita 2018 [140];
Vazquez 2015 [81]; Voikar 2018 [31]; Weyer 2011 [13]; Wilhelmsson 2019 [105,106]; Xia
2015 [56]; Yang 2016 [82]; Zhu 2010 [54]
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system to measure spontaneous activity, emotional responses, dis-
crimination learning, spatial memory, and operant conditioning in mice
that live in relatively low-stress conditions without handling or social
isolation. To date, the IntelliCage has been used to phenotype various
mouse models that have been reported in more than 150 publications
(Table 1). The data that have been collected over the years allow for a
critical review and assessment of the IntelliCage system, which we
present below.
2. IntelliCage system set-up
The IntelliCage is a large home cage that has four computer-
controlled corners, called learning or recording corners. Learning cor-
ners can be visited when a mouse passes a tubular antenna that reads
the code of an implanted radio-frequency identification (RFID) chip
(Fig. 1). An animal that visits a corner faces two operant conditioning
walls (left and right), each equipped with three light-emitting diodes
(LEDs) that deliver different visual stimuli. Access to the nipple of
bottles is provided through a hole with built-in nosepoke sensors. Mice
can be supplied with tap water, sweetened water, bitter water, sour
water or liquid with diluted drugs. Lickometers measure the number of
occurrences and time of contact with the drinking nipple. Sliding doors
that are operated by the computer can open or block access to water
without harming the mice. The corners have a space for just one mouse;
Table 1 (continued)
Behavioral parameter Procedure Reference
Serial Reversal place learning Akbergenov 2018 [121]; Huo 2012 [40]; Kalm 2013 [49]; Karlsson 2011 [19]; Masuda
2018 [173]; Matlik 2018 [167]; Osman 2014 [59]; Roughton 2012 [51]
Extinction of place preference Codita 2010 [22]; Gumucio 2013 [125]; Wilhelmsson 2019 [105]
Side learning/discrimination Cathomas 2015 [122]; Codita 2012 [55]; Knapska 2013 [73]; Marwari and Dave 2018
[154]; Osman 2014 [59]; Rudenko 2009 [16]; Serchov 2020 [150]; Voikar 2018 [31]
Reversal Side learning Codita 2012 [55]
Place avoidance Albuquerque 2013 [161]; Codita 2010 [22]; de Hoz 2018 [174]; d'Isa 2011 [175]; Faizi
2011 [48]; Gumucio 2013 [125]; Hardt 2019 [153]; Itawa 2014 [164]; Jaholkowski 2009
[45]; Jensen 2015 [84]; Karlsson 2011 [19]; Kiryk 2008 [18]; Knapska [53,73]; Kobayashi
2013 [33]; Marwari and Dave 2018 [154]; Masuda 2016 [87]; Mechan 2009 [58]; Nowak
2013 [69]; Rudenko 2009 [16]; Voikar [31,142]
Reversal of place avoidance Mechan 2009 [58]; Voikar 2018 [31]
Extinction of place avoidance d'Isa 2011 [175]; Hardt 2019 [153]; Itawa 2014 [164]; Masuda 2016 [87]; Nowak 2013
[69]; Voikar 2010 [142]
Cued punishment test Lan 2011 [44]
Sequencing task Aung 2016 [176]; Benner 2014 [65]; Endo [62,66]; Gapp 2014 [61]; Hardt 2019 [153];
Macpherson 2016 [128]; Marwari and Dave [78,154]; Sano 2016 [149]
Patrolling (e.g.clockwise) Akbergenov 2018 [121]; Albuquerque 2013 [161]; Fischer 2017 [124]; Holter 2015 [146];
Kobayashi 2013 [33]; Kulesskaya 2014 [76]; Matlik 2018 [167]; Onishchenko 2007 [34];
Peltola 2015 [159]; Rudenko 2009 [16]; Too [26,36,138,139]; van Dijk 2019 [141];
Vazquez 2015 [81]; Voikar 2018 [31]; Weyer 2011 [13]; Zheng 2018 [143]
Patrolling reversal Albuquerque 2013 [161]; Kobayashi 2013 [33]; Too [26,36,138,139]; van Dijk 2019
[141]; Voikar 2018 [31]
Chaining Akbergenov 2018 [121]; Fischer 2017 [124]; Kobayashi 2013 [33]; Matlik 2018 [167]
Reaction time task / motor
impulsivity
Fischer 2017 [124]; Kobayashi 2013 [33]; Masuda [87,173]; Matlik 2018 [167]; van Dijk
2016 [38]
Delay discounting task Gapp 2014 [61]; Hardt 2017 [177]; Kato 2018 [102]; Masuda [87,173]; Matlik 2018
[167]; Ruud 2019 [178]
DRL (differential
reinforcement of lower rates)
paradigm
Atlan 2018 [179]; Gapp 2014 [61]; Hardt 2017 [177]; Fischer 2017 [124]; Kobayashi 2013
[33]; van Dijk 2016 [38]




Probabilistic choice procedure Jablonska 2019 [180]; Ruud 2019 [178]
SOCIAL BEHAVIORS Group place learning Galsworthy 2005 [20]; Harda 2018 [145]; Jaholkowski 2009 [45]; Kiryk 2011 [52]
Competition task Benner 2014 [65]; Benner 2015 [181]; Endo 2012 [66]; Ishii 2015 [67]; Kulesskaya 2013
[12]; Ujita 2018 [140]
Social interactions in alcohol
drinking
Smutek 2014 [64]
Social modulation of aversive
memories
Nowak 2013 [69]
Social stress Branchi 2010 [70]; Branchi 2013 [98]; Bergamini 2016 [182]
OTHER BEHAVIORS in PHARMACOLOGICAL
TREATMENT
Different tests for alcohol
drinking
Beroun 2018 [183]; Holgate 2017 [184]; Jablonska 2019 [180]; Koskela 2018 [185];




Fischer 2017 [124]; Safi 2006 [83]; van Dijk 2016 [38]
Fixed/Progressive ratio (operant
conditioning response)




Alboni 2015 [79]; Alboni 2016 [188]; Branchi 2013 [75]; Jensen 2015 [84]; Milior 2015
[74]; Poggini 2019 [103]
Anhedonia / taste aversion Alboni 2015 [79]; Alboni 2016 [188]; Bergamini 2016 [182]; Branchi 2010 [70]; Branchi
2013 [75]; Dere 2018 [162]; Heinla 2018 [126]; Matlik 2018 [167]; Milior 2015 [74];
Mohammadi 2017 [155]; Poggini 2019 [103]; Serchov 2020 [150] / Ratner 2016 [189]
Cocaine/Morphine self-
administration
Ajonijebu 2018 [190]; Ajonijebu 2019 [80]; Skupio 2017 [187]
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thus, only one animal can “work” in a corner at a given time, and its
presence is detected by an infrared sensor. Aversive stimuli can also be
delivered in the form of air-puffs. Up to 16 mice can be kept in the cage
without having to change the bedding for 1 week. All visits, nosepokes,
and licks are recorded and transferred to a controlling computer that
also stores the output actions of the system, such as door openings, air-
puffs, and LED activation. The system is controlled by software that
offers a graphic interface and permits the programming of a wide range
of behavioral tests, from simple activity monitoring to delay-dis-
counting operant conditioning. Individual and averaged behaviors are
monitored on a screen. The data are stored on a disk and can be ana-
lyzed off-line, leaving the original data untouched.
3. Basal activity in mice assessed in the IntelliCage
Basal activity is the main parameter of an animal’s health, emo-
tional state, and well-being. Classical exploratory behavior tests, such
as open field and elevated plus maze, measure forced rather than un-
restricted behavior. Conversely, home cage-like conditions in the
IntelliCage provide a unique experimental opportunity to assess activity
freely initiated by animals. Additionally, short- and long-term habi-
tuation and circadian rhythm can be recorded.
3.1. Comparison of the IntelliCage with standard tests
Numerous studies have compared exploration in the IntelliCage to
activity in open field and elevated plus maze and movement sensor-
equipped home cage paradigms. Similar changes in activity were ob-
served in standard tests and the IntelliCage in six different mouse
models [12–17]. However, normal activity in the IntelliCage contra-
dicted aberrant activity in standard tests in GLT1+/− mice [18], pos-
sibly reflecting the effects of handling-induced stress in non IntelliCage
approaches. Additionally, irradiated C57BL/6 mice exhibited altera-
tions of activity during three 5-day sessions in the IntelliCage that were
not detected in a 50-min open field test in the same mice [19]. The
results show that some aspects of treatment-induced changes in the
activity are detected in standard tests and others in the IntelliCage.
3.2. Adaptation, habituation and patrolling in the IntelliCage
In the IntelliCage, the main measure of activity is visits to corners.
During the first 12 h after introduction to the IntelliCage, mice intensely
explore the novel environment [20], which helps them acquire spatial
information and become familiar with the relatively large complex cage
[16]. Adaptation to the cage involves learning and is usually achieved
before the second day after initiating the experiment [21]. However, in
a mouse model of Alzheimer’s disease, the habituation of 14-month-old
mutant mice lasted longer than 2 days [22]. Moreover, during the first
days of housing in the IntelliCage, other abnormalities in exploratory
activity and habituation were detected in various mouse models
[13,16,22–30].
Multivariate analyses of spontaneous behavior in the IntelliCage
have found, by means of canonical discriminant analysis, that reg-
ularity in patrolling patterns can discriminate mice with hippocampal
lesions from controls and animals with prefrontal lesions [31]. Like-
wise, this type of analysis is able to discriminate statistically diverse age
groups of mice that are housed in the same cage (T. Endo, personal
communication). The IntelliCage has also been used to measure post-
trauma recovery and the restoration of normal locomotor activity after
brain injury [32].
Living in groups does not affect spontaneous activity of individual
mouse in the IntelliCage. Deficits in adaptation, habituation and pa-
trolling patterns have been detected in at least 15 mouse models
compared to controls.
3.3. Circadian activity
Circadian activity is a parameter that is difficult to monitor in
standard behavioral tests. Data that have been generated across dif-
ferent studies show that after habituation to a new cage, mice develop a
stable circadian rhythm of activity (Fig. 2). The IntelliCage also allows
the detection of sleep/activity impairments in genetically modified or
drug-treated mice. Persistent hyperactivity [33], hypoactivity [15,34],
atypically high activity during the inactive period [35], and abnormal
circadian activity [29,36] have been reported in different mouse
models. The number of patrol visits was shown to decrease with age,
but drinking activity remained unchanged in FVB/N mice up to 18
months of age (unpublished results).
The permanent recording of circadian activity permits a simple test
to assess hippocampal deficits in sensing time. Access to water is re-
stricted to time slots. Normal mice exhibit an increase in activity that is
synchronized with drinking time, whereas chronic hippocampal lesions
are characterized by ill-timed bouts of activity [31] (Fig. 3).
3.4. Neophobia and anxiety
Basal activity in mice can be modified by their emotional state.
Neophobia and anxiety are measures of emotionality that can be as-
sessed immediately after introducing animals to a new, complex en-
vironment, such as the IntelliCage. For example, the latency to the first
visit to a corner of the IntelliCage was prolonged in mice with hippo-
campal lesions [37] and in mice that were treated with methylmercury
[34], which is consistent with the higher level of anxiety that is ob-
served in these animals. Other measures of anxiety include the latency
to the first operant response (i.e., nosepoke in a corner [23]; and the
latency to the first drinking episode [16,38]). Mouse models of Hun-
tington’s disease also exhibited a longer latency to finding the source of
water [16].
Emotional reactions to novelty can also be measured in familiar
environments (after the habituation period) when circadian activity is
stable. Exposure to new objects and visual/olfactory stimuli in learning
corners may reveal novelty preference or avoidance. For example,
Codita et al. [22] reported a significant increase in the number of visits
to a corner with a new object. Similarly, the number of nosepokes was
higher for bottles that contained scented water compared with tap
water [22]. An increase in exploration of a familiar environment, such
as the IntelliCage, in response to novelty exposure is consistent with
results that show that low levels of anxiety facilitate exploration and
reduce neophobia [39]. However, in a mouse model of pneumococcal
meningitis, long-term photophobia was observed in response to a se-
quence of red, blue, and green lights that were activated by visits to a
corner [30].
4. Cognitive functions detectable in the IntelliCage
Another application of the IntelliCage system is the development of
various learning and memory-related tasks. To date, more than 40
protocols have been developed and evaluated by approximately 80
research groups (Table 1). Testing cognitive functions in the same fa-
miliar environment where animals are housed using the IntelliCage
eliminates such confounding factors as contact with human experi-
menters and social isolation. Unlimited mouse activity and voluntary
behaviors have been shown to allow rapid spatial learning, particularly
in tests that measure preference for or avoidance of the learning corner.
These qualities remain in opposition to standard tests, in which a single
animal is observed within a short period of time and under significantly
different conditions than in the home cage.
4.1. Comparison of learning protocols in the IntelliCage with standard tests
In most cases, consistent results between the IntelliCage system and
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standard tests have been obtained, specifically in various learning tasks
in which either memory improvements or impairments were detected.
Genetic mutations that are related to improvements in learning have
been observed in both the IntelliCage and several standard tests, in-
cluding the Morris water maze (Fig. 4), context-dependent fear con-
ditioning [40], and trace fear conditioning [41]. Notably, Ryan et al.
[42] and Lee et al. [43] reported that the IntelliCage system was as
sensitive as the water maze in detecting spatial learning deficits in the
PLB1Triple knock-in mouse model of Alzheimer’s disease and cyclic
adenosine monophosphate-guanine nucleotide exchange factor (cAMP-
GEF) knockout mice, respectively. Memory impairments were also ob-
served in the IntelliCage and confirmed in the Morris water maze in
APP.V717I mice (Fig. 4) and male mice that were exposed to chronic,
sub-lethal hypoxia [44]. Proper procedural learning that was observed
in the IntelliCage in other experimental models was confirmed by the
learning of context, cue, and trace fear conditioning, novel object re-
cognition [45] and performance in the Morris water maze [34].
4.2. Place learning
The most frequently used learning protocol in the IntelliCage system
is spatial learning with appetitive reinforcement, referred to herein as
simply place learning. In this task, an animal is expected to find a re-
ward in one of the four corners of the IntelliCage. A reward can be
either tap water [22,34,46–51] or sweetened water
[18,19,41,45,52–54]. Preference for the correct corner develops very
quickly. Within the first 24 h of learning above chance level (i.e., 25 %
of all visits), an increase in the number of correct spatial responses was
Fig. 1. IntelliCage setup. A. In a large cage (Tecniplast 2000), a group of mice have access to shelters, ad libitum food from the lid of the cage, and water from four
learning corners. B. Testing of individual mice under conditions of social housing is possible by tagging each mouse with an RFID microchip. The mice are recognized
when they pass a tubular antenna to enter the learning corner. Additionally, an infrared sensor on top of the corner compartment confirms the presence of the animal,
which is then recorded as a corner entry. The presence of an individual mouse in the given corner blocks access for the other mice. C. D. Each learning corner contains
two symmetrical operant conditioning units. Their walls contain an array of three LEDs that can be programmed to display different colors and patterns. Rewards
(e.g., water, sucrose, and addictive drugs) can be obtained from the nipples of two bottles. Such a setup also allows for gustatory discrimination learning. Mice can
reach the bottles through a hole that contains a photobeam, the crossing of which is recorded as a nosepoke. Access to the bottles can be gated by the programmed
procedure, defined by the sequence of nosepokes. Licking the nipple of the bottle is recorded as a lick, the number and duration of which are acquired. Negative
reinforcement can be delivered through an air-puff from the top of the learning corner. D. Access to a liquid reward can be allowed or blocked by motorized sliding
doors.
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observed [18,19,34,40,41,45,47–49,51,55–58]. Memory of the re-
warded corner persists even when mice are removed from the In-
telliCage. For example, mice that were trained to choose one of the
corners and then were removed from the IntelliCage for 72 h still pre-
ferred the previously rewarded corner after reintroduction to the In-
telliCage [48].
Poor place preference learning, reflected by a longer time spent in
non-rewarded corners [19,40,49,51,59] or repeated unsuccessful at-
tempts to open incorrect doors [49], has been observed in several
mouse models, such as PLB1Triple knock-in mice (i.e., an animal model
of Alzheimer’s disease) [22] and irradiated C57BL/6 mice [59,60]. In
some cases, better place learning has been reported, such as in irra-
diated mice that were treated with lithium [40], irradiated mice that
lacked the third complement component [60], and neuron-specific
Dicer knockout mice [41].
4.3. Complex cognitive tests
More complex learning and memory procedures that measure either
goal-directed behaviors or behavioral flexibility have also been per-
formed using the IntelliCage. Gapp et al. [61] observed superior per-
formance in a delay-discounting task in the IntelliCage compared with
differential reinforcement of lower rates of responding (DRL) in a
conventional task in the offspring of mice that were exposed to trau-
matic stress in postnatal life. Furthermore, deficits in spatial working
memory in amyloid precursor protein double mutant (APPsα-DM) mice
in the T-maze and radial maze were accompanied by deficits in the
patrolling task in the IntelliCage. In this test, mice had to remember the
last corner where they obtained a reward to learn the correct response
pattern [13].
A cognitively interesting variant is rule learning, which is based on a
serial reversal task as presented by Endo et al. [62] (Fig. 5). The task
models a simple human test to detect impairments in executive function
[63]. Mice must learn to obtain water during a limited time window by
shuttling diagonally between two corners that are assigned by the
program. After 5–7 days, the corners are changed, and the mice have to
relearn the alternative diagonal shuttling route. This procedure is re-
peated 3–4 times. After a reversal, mice usually commit a high number
of errors, but these error peaks eventually decline, indicating that the
mice learned the reversal rule. Consistent results were reported in
parallel studies that were conducted in Japan and Switzerland. How-
ever, this task is rather time-consuming and thus unsuitable for high-
throughput testing. Recently, a novel variant of the test was designed
by Endo and Benner (personal communication), in which mice must
reach a certain criterion of correct responses before the diagonal cor-
ridor is switched. Intriguingly, very old mice appear to solve the rule
learning as good as or better than young mice. This implies that In-
telliCage protocols can be used to assess cognitive reserve in elderly
mice that are relatively fragile and exhibit impairments in sensory ca-
pacities but retain substantial cognitive abilities.
Fig. 2. Changes in circadian activity in the IntelliCage are similar to cages with a running wheel for three inbred strains. C57Bl/6 (n= 12), Balb/c (n= 10), and
FVB/N (n= 5) mice were studied. Each time point shows the average value of a few days of the experiment (4-7 days). A. (Left) As measured in the IntelliCage, the
number of visits to the drinking corners during the active phase (0-12 h, dark phase) is higher than during the inactive phase (12-24 h, light phase). Mice reach the
peak of exploration in the dark phase, decreasing to a minimum in the light phase. (Right) In home cages with running wheels, mice exhibit a similar activity profile.
B. Mice drink more in the dark phase than in the light phase, regardless of the housing conditions (see also [16,21,22]).
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5. Group-specific behaviors and social interactions in the
IntelliCage
Exploring social phenomena is demanding under standard condi-
tions that analyze the behavior of an individual animal. To some extent,
the IntelliCage system allows the assessment of group structure that is
established during housing. Attempts have been made to identify
clusters of corner entries by specific groups of animals (e.g., following a
leader or mouse that previously entered the corner, e.g. Smutek et al.
[64]).
Experimental and control mice are usually housed together in the
IntelliCage in mixed groups to eliminate the impact of micro-environ-
mental variations between cages. However, a potential confounding
factor can be introduced when handicapped animals learn from control
animals how to solve a task. Although this is rarely a problem, in cases
in which no significant within-cage group differences are evident, the
studied groups can be tested in separate IntelliCages.
5.1. Group place learning
In a task in which groups of mice have access to the same corner
with reward, their cognitive ability was shown to be possibly modu-
lated by the social context [52]. When transgenic mice with the London
mutation of the human amyloid precursor protein (APP.V717I) were
housed separately from control mice, APP.V717I mice were unable to
develop place preference, whereas wildtype mice displayed a 55%
preference for the rewarded corner (Fig. 6A, Separated). When mice of
both genotypes were housed in the same cage, the entire group (both
wild type and transgenic mice) developed a 40% preference for the
rewarded corner (Fig. 6B, Mixed). The authors concluded that learning
in APP transgenic mice improved when they were co-housed with
healthy individuals.
5.2. Competitive dominance behavior
Other social behaviors that are measured in the IntelliCage include
competitive dominance and subordination. Normally, the permanent
availability of four corners per cage limits competition in the
IntelliCage. Male competition can be induced by restricting access to
the corner with water to 3 h/day [65–67], resulting in more visits.
However, such competitive behavior can be suppressed by different
harmful factors, such as a low dose of 2,3,7,8-tetrachlorodibenzo-p-di-
oxin (TCDD) [66], focal neuronal heterotopia [67], and early social
isolation [65]. In the last study, the housing of 14 animals per cage was
postulated as a highly competitive condition, and males from experi-
mental group, but not females, were subordinate to control littermates
when competing for reward access [65]. However, in different mouse
model of CD73 knockouts with eight females per cage, wildtype mice
presented dominance in the IntelliCage by spending more time in the
rewarded corner than CD73 knockouts. A battery of other standard
social tests confirmed these IntelliCage findings [12].
Fig. 3. Analysis of hippocampal malfunction in sensing time. Three groups of mice were housed in the IntelliCages: control (CTR), hippocampal lesions (HIPP) and
prefrontal lesions (PFC). Water was accessible only during two time slots of 1 h, separated by 3 h. Blue dots indicate that CTR and PFC mice were synchronizing their
corner visits rather precisely within the time slots giving access to water, while HIPP mice appeared to be hampered in synchronizing their activity to the relevant
time slots. On the fourth day, there was a time slot blocking access to water due to a technical error. Modified after Voikar et al. [31].
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5.3. Social modulation of aversive memories
Social learning in mice has been shown to be an adaptive behavior
that allows the generation of responses based on the experiences of
others [68]. Adaptive behavior that is based on the responses of other
group members has also been observed in the IntelliCage. The return of
fear after extinction, guided by a fearful cage-mate, was observed in
parallel in classic fear conditioning procedures and in the IntelliCage
[69].
6. The IntelliCage in pharmacological and toxicological studies
To evaluate whether a drug influences activity, emotionality, or
learning, mice have been exposed to the substance either acutely or
chronically. Monitoring the effects of drugs requires a battery of stan-
dard tests, but the IntelliCage meets both criteria (i.e., acute, simulta-
neous drug testing in a group of animals and long-term evaluations of
the effects of drugs on behavior).
6.1. Examples of compounds tested in the IntelliCage
The evaluation of substances in the IntelliCage is usually achieved
by dissolving them in water and delivering them to mice in a total of
eight bottles. To date, mice have been exposed to sucrose
[18,19,41,45,52,53,70–73], saccharin [35,61,74–76], fructose [54],
NaCl and citric acid [71], quinine [64,71,73], alcohol [64,72,77], ha-
loperidol [78], fluoxetine [79], cocaine [80] in the IntelliCage. Spon-
taneous and free-choice behaviors have been shown to lead to either
preference for or avoidance of the corner where the solution of a
compound is located. An experimental diet that contained the human
milk oligosaccharide 2′-fucosyllactose was given to mice in the In-
telliCage and was associated with improvements in learning in a fixed-
ratio operant conditioning task [81].
The IntelliCage has been repeatedly used to assess long-lasting ne-
gative behavioral effects of prolonged isoflurane anesthesia in very
young [54,82] and adult [56] mice, reflected by impairments in spatial
reversal learning. The latter study in adult mice also reported that
melatonin treatment prior to anesthesia prevented such deficits.
Fig. 4. Learning tests in the IntelliCage and
Morris water maze detect parallel changes in
mutant mice. In the place learning task in the
IntelliCage, to drink water, a mouse must find
and remember one corner that can be opened
by a nosepoke. The correct corner is different
for each mouse. The doors in the remaining
corners are permanently closed, blocking ac-
cess to the bottles. All of the control mice
(black bars) developed a preference for the
correct corner by performing more than 40 %
of visits to this corner by day 5 of learning.
APP.V717 l mutants (top) exhibited a deficit,
whereas Dicer mutants (bottom) exhibited an
increase in cognitive ability in the place
learning task in the IntelliCage. In the Morris
water maze task, the spatial memory of a
platform position was tested in the probe trial
(day 5). All of the control mice (black bars)
searched for the platform in the proper quad-
rant of the pool for approximately 40 % of the
total swimming time. Again, APP.V717 l and
Dicer mutants exhibited poorer and better
performance, respectively. **p < 0.01,
***p < 0.001.
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6.2. Effect of anxiogenic and anxiolytic drugs in the IntelliCage
To assess the anxiogenic and anxiolytic effects of drugs, the Vogel
conflict paradigm was adapted to the IntelliCage by Safi et al. [83].
C57BL/6 mice were water-deprived and upon drinking from a bottle,
they received an air-puff in the corner. The next day, half of the mice
received an injection of 5 mg/kg diazepam (i.p.), and the other half
received saline at the end of the deprivation period. The first attempt to
drink was punished by an air-puff. Compared with control animals,
diazepam-treated mice exhibited significantly less anxiety-like beha-
vior, reflected by more visits to the punished corner [83].
It has also been found possible to administer drugs without re-
moving the mice from the IntelliCage for injection. In the experiment
presented in Fig. 7, mice were subcutaneously implanted with osmotic
minipumps (Alzet) that released the anxiolytic drug alprazolam or
saline (controls). Anxiety-like behavior was measured as the latency
after receiving an air-puff to the next attempt to visit a corner to drink.
Alprazolam-treated mice exhibited lower levels of anxiety-like behavior
in the IntelliCage, which was confirmed in the standard elevated plus
maze (Fig. 7). Similarly, a shorter latency to re-enter any corner after a
visit to the punished corner in female C57BL/6 mice after acute ghrelin
administration indicated an anxiolytic-like effect of ghrelin (i.e., an
endocrine, hunger stimulating hormone) under acute stressful condi-
tions [84].
Fig. 5. Behavioral flexibility and rule learning of mice in the IntelliCage. Mice undergo a serial reversal task requiring switching between reward corridors, modelling
a human task assessing executive functions (the Brixton spatial anticipation test). Black dots indicate non-rewarded corners, but for getting the next reward, the
mouse must visit the opposite diagonal corner. The reversals of the corridor measure behavioral flexibility (speed of adaptation), while the decreasing error rate after
multiple reversals indicates rule learning. Modified after Endo et al. [62].
Fig. 6. Group place learning in APP.V717I
mice depends on social context. A. After 5 days
of learning, APP.V717I mice (white bars) failed
to develop a preference for the rewarded
corner when housed separately from controls.
B. When co-housed with control mice,
APP.V717I mice developed 40 % preference
for the rewarded corner. Wildtype mice (black
bars) learned the task independently of
housing conditions. The dotted line indicates
the random level. **p < 0.01, ***p < 0.001.
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6.3. Depression-like behavior
The IntelliCage can also be used to subject mice to controlled stress
in a familiar environment to evaluate the impact of drugs on depres-
sion-like behavior. Alboni et al. [79] applied various forms of stress in
male mice over 14 days by combining a social stressor as described by
Branchi et al. [75] and programming stressors in the form of occasional
punishment (i.e., air-puffs) when a visit to a drinking corner was made,
shortening the time of access when an animal attempted to drink,
keeping the doors closed after a nosepoke (which otherwise provided
access to drink), and removing shelters and soft bedding material. To
test depression-like behavior, the mice received the selective serotonin
reuptake inhibitor fluoxetine. The behavioral parameters included the
number of corner visits, anhedonia (reflected by saccharin consump-
tion), “wanting” behavior (i.e., the amount of work the animal was
willing to perform under a progressive-ratio schedule of reinforcement),
and cognitive bias to assess “optimistic attitudes” and “pessimistic at-
titudes” in individual mice. Interestingly, fluoxetine treatment had
opposing behavioral effects during the stressful and stress-free periods
[79].
In another experimental protocol in the IntelliCage, 2-week stress
exposure in fractalkine receptor knockout mice (i.e., a model of altered
responsiveness to chronic stress) did not induce anhedonia compared
with wildtype animals [74]. Lower saccharin preference and con-
sumption were observed in mice with sickness behavior syndrome in
both the home cage and the IntelliCage [35].
7. Longitudinal studies in the IntelliCage to model human
disorders
The ability to assess mouse behavior over a prolonged period of time
makes the IntelliCage very useful for developing animal models of
progressive diseases. The extended time course of neurodegenerative
and neuropsychiatric conditions makes repeated testing of mouse co-
horts in conventional apparatus tedious. Examples of such studies that
used the IntelliCage system include Balci et al. [85] and Menalled et al.
[86], who monitored behavior in a mouse model of Huntington’s dis-
ease over prolonged periods of time. In follow-up studies, Codita et al.
[22] evaluated temporal changes in ArcSwe-APP mice, and Masuda
et al. [87] performed long-term phenotyping and validation in genetic
mouse models of Alzheimer’s disease. The IntelliCage was also re-
commended as a new technology for preclinical research on animal
models of amyotrophic lateral sclerosis (ALS) by the European ALS/
Motor Neuron Disease (MND) group in 2009 [88]. Guidelines for
testing developmental neurotoxicity have also been suggested to in-
clude new methods, such as the IntelliCage system [89]. The potential
of such approaches has not yet been fully explored.
Another application that utilizes the IntelliCage for the long-term
monitoring of behavior is measurement of the development of drug
addiction, which was illustrated by a study that modeled alcohol ad-
diction [72]. Mice in the IntelliCage were first individually character-
ized for such features as novelty-seeking, anxiety, impulsivity, com-
pulsivity, and the motivation for natural rewards. The same mice were
then given extended access to alcohol for 70 days, followed by the
evaluation of addiction-like behaviors. The assessment of the level of
addiction included the motivation for alcohol on a progressive-ratio
schedule of reinforcement, persistent and compulsive alcohol seeking
during signaled “no alcohol” periods, responses to punishment, and the
intensity of relapse. The data suggested that high levels of anxiety-re-
lated traits (i.e., low novelty seeking, low resistance to punishment, a
high level of compulsive behaviors and high impulsivity) predicted
addiction-like alcohol drinking in mice. In a follow-up study, Stefaniuk
et al. [90] used this approach to identify matrix metalloproteinase-9
(MMP-9) as a critical molecule in developing motivation for alcohol
seeking behavior.
8. Weaknesses and strengths of the IntelliCage system
8.1. Limitations and concerns
The IntelliCage is a transponder-based system that does not track
animals while they traverse the home cage (i.e., outside corners). This
raises concerns that only corner-related animal activity is measured in
the IntelliCage, such as corner visits, nosepokes, and licks. However,
comparative studies of videotracking systems and the IntelliCage in-
dicate a decent correlation between overall activity level and corner
visits [85,91,92]. For example, Robinson and Riedel [15] compared the
effects of cholinergic, glutamatergic, and dopaminergic system-tar-
geting drugs on activity in the IntelliCage (i.e., corner visits) and in the
Phenotyper (Noldus; i.e., total distance moved). They found largely
comparable drug profiles, with the exception of one drug in the In-
telliCage in which only a trend was found, presumably due to lower
spatial resolution. Thus, the number of corner visits appears to be a
good proxy for assessing overall activity in individual mice, except for
cases in which mice exhibit impairments in the ability to climb into the
corners. Building ramps to the tube entries was helpful for overweight
mice that had climbing difficulties (H.P. Lipp, unpublished results).
Moreover, data that were obtained using the PhenoCube system, which
is composed of the IntelliCage and a video tracking system, used also by
several groups [86,93–97], measured two mouse models of Hunting-
ton’s disease (R6/2 and BACHD) over prolonged periods, showing a
good correlation between overall activity and corner visits, specifically
in older mice [98].
Studies that use auditory stimuli in the IntelliCage are not feasible.
Likewise, it has limitations in controlling olfactory stimuli, with the
exception of placing simple novel olfactory stimuli in a corner. Unclear
is which cues are utilized by mice when they choose a specific corner
[99]. Although the IntelliCage provides a social environment, in-
dividual interactions between mice cannot be analyzed. This would
require spatially fine-grained recordings of movements using RFID tags,
which are not yet available, or precise video-tracking of individual mice
within a larger group, which is still a challenge for video observation
systems.
The IntelliCage cannot generate some types of pronounced stress,
such as near-drowning in the Porsolt swim test, severe electric shocks
that elicit panic reactions and subsequent immobility (freezing), re-
straint stress, or pain. The necessity of such stressors and procedures
might be justified by specific experimental designs. As shown above,
however, the IntelliCage system can generate physiological levels of
stress that characterize more common stressful situations.
Another limitation is that IntelliCages are relatively expensive when
considered as a single system. However, the simultaneous testing of a
comparable number of mice would require the purchase of multiple test
systems, in most cases equaling the cost of the IntelliCage system [8].
Although not necessarily a limitation, similar to any other auto-
mated system, the IntelliCage generates a large amount of data that
require analytical and statistical skills to fully exploit the information.
Vannoni et al. [21] described 45 behavioral variables that can be
gathered solely during the free adaptation phase. Van Dijk et al. [38]
extracted approximately 1500 behavioral readouts in a study that as-
sessed correlations with adult neurogenesis. Although IntelliCage soft-
ware provides an easy graphic overview of the data, it does not include
statistical analyses, which are typically performed using R, SAS, SPSS,
Statistica, MatLab, and Python software, among others [100]. Principal
component analysis [21,47,49], generalized estimating equations
[19,40,51], survival analysis statistics [20], and Bayesian approaches
[38] have been applied to analyze IntelliCage datasets. More advanced
tools for data analysis, namely R-based statistical software [31] and
PyMICE (i.e., an open-source Python library for the analysis of In-
telliCage data [101]) have been developed for analyzing output files
that are created by various testing schedules in the IntelliCage.
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8.2. IntelliCage: social sources of variation
A fundamental issue is whether social interactions in the IntelliCage
interfere with the proper assessment of individual behavioral pheno-
types. Every IntelliCage provides a social micro-environment where
animals know each other well, and social hierarchies are established.
One concern is that some animals may threaten others by interfering
with their programmed learning schedules or generate artificial activity
by chasing other group members. Observations of female mice in the
IntelliCage, however, do not support this notion. Male mice also find
sufficient space and opportunities to perform learning tasks. Generally,
strain or treatment differences in the IntelliCage indicate that socially
induced variations in spontaneous activity and task solving are of minor
importance. Both group and individual behavior can be quantitatively
monitored during ongoing studies, and experimenters can scrutinize
whether individual mice behave aberrantly. Likewise, testing phases
can be prolonged if there is evidence of unexpected behavioral varia-
bility without any apparent external cause. If one suspects social effects
on learning, then animals can be tested in a given group separately
[52]. Finally, new analytical software (e.g., www.xbehavior.com or
https://github.com/Neuroinflab/PyMICE_SM/) permit statistical ana-
lyses of whether certain mice visit given corners systematically by fol-
lowing other animals, indicating chasing behavior or social affiliation.
The social context can also affect the results, depending on the
animal’s sex. The use of females in the IntelliCage is recommended
unless males must be tested. Notably, the influence of the estrous cycle
on the results can be mitigated by long-term, repeated measurements in
the IntelliCage. To date, behavioral research using the IntelliCage has
been conducted separately in females (47 % of studies), males (37 % of
studies), and females and males combined (16 % of studies). Females
can live in a group for a long time without overt aggressiveness,
whereas the number of males may be reduced because of fighting (14
%) and death (8%) [19,49]. Such adverse effects can be eliminated by
prolonged group housing of young males (preferably littermates) before
introduction to the IntelliCage. Recently, more studies with males have
been performed, both for the overall assessment of behavior and for
competitive tests [65,66,102–106]. An innovative approach to generate
social stress and measure its effects on depression-like behaviors in the
IntelliCage was reported by Branchi et al. [70]. Male mice were kept in
cohorts with established social hierarchies in two IntelliCages, and their
hedonic behavior (i.e., saccharin preference) was measured. The groups
were then mixed and placed again in the IntelliCage. The resulting
social stress included lower saccharin consumption (i.e., anhedonia)
that was reversed when the original groups were reunited.
8.3. The IntelliCage: ethological features
The IntelliCage creates a stable environment, similar to a home
cage, enabling the long-term housing of mice without human inter-
vention. This allows the uninterrupted assessment of unbiased beha-
viors under no-stress or low-stress conditions over days and weeks,
providing individual profiles of activity, including circadian activity
patterns, spatial preferences, alternation or perseverance of corner
visits (the last one is a useful indicator of cerebral malfunction), and
more complex systematic patrolling patterns. Spontaneous behaviors
also provide individual activity baselines that are useful for evaluating
later spatial or operant conditioning procedures. Moderate changes to
the set-up by graphic programming, such as delivering water at limited
time slots in specific corners, permit assessment of the sensation of time
based on the activity and visits that precede accessibility to the corner
(i.e., a proxy for episodic memory).
Another feature of the experimental environment of the IntelliCage
that creates preferable living conditions is the social context. Animals of
social species perform only a limited repertoire of prosocial behaviors
when housed alone [107]. Moreover, long-term social isolation is a
classic psychological stressor for rodents, entailing a plethora of un-
controllable effects, including immune disorders [108,109], depression
[47,110,111], sleep disorders [112], the accumulation of hippocampal
stem cells, but not neurons [113], myelination in the prefrontal cortex
[114], and long-lasting epigenetic modifications in the midbrain [6],
among others. Individually bred mice have been shown to express
greater inter-individual variability than bred in a group [107].
Particularly important is that the IntelliCage system responds to the
need to standardize experimental conditions. The influence of contact
Fig. 7. Decreased anxiety level in mice treated with alprazolam are detected equally by the IntelliCage and elevated plus maze. IntelliCage: A modified Vogel conflict
paradigm revealed a strong tendency to return to the corner where an aversive stimulus (air-puff) was delivered in alprazolam-treated mice that attempted to drink
water (white bars). Alprazolam-treated mice returned to the same corner after 6 min, whereas control mice took 60 min to return to the same corner. Another attempt
to drink occurred after approximately 7 h in alprazolam-treated mice compared with 17 h in controls. Elevated plus maze: Alprazolam-treated mice (black bars) left
the protected arms more frequently to visit the open center and open arms. *p < 0.05, **p < 0.01.
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with humans, the type of illumination, the size of the apparatus, and
social isolation are eliminated, which increases the probability of set-
ting up similar conditions in different laboratories and subsequent re-
plications. This is important for replicating the effects of various
treatments or genetic differences on unforced behaviors, which are
notoriously sensitive to manual procedures [115,116]. To our knowl-
edge, the IntelliCage is the only system that has generated the same
strain differences from four different laboratories using rigorously
controlled procedures to assess spontaneous activity and spatial
learning [50]. Likewise, parallel IntelliCage studies in Japan and
Switzerland reported similar results using a more complex behavioral
sequencing task that also included rule learning [62]. Thus, the In-
telliCage provides a unique opportunity to conduct meta-analyses of
IntelliCage data from different laboratories. For these reasons, work is
being conducted to establish a larger version of the IntelliCage system
for rats. The first two studies that used rats revealed previously un-
detected aspects of the phenotype of transgenic Huntington’s disease
[117] and impairments in recognition memory in rats in which γ-
aminobutyric acid-B receptors were modulated [118].
8.4. Comparison with other home cage systems
Currently, many tools are available for the automated long-term
collection of behavioral data in home cages, albeit only in single-housed
animals. Behavioral assessment includes operant conditioning using an
in-cage operant wall (Phenomaster, TSE Systems) and video tracking
combined with software that allows limited operant conditioning by
directing mice to feeding sites (Phenotyper, Noldus). These systems can
also be combined to assess food and water intake and can be placed in
metabolic cages (Phenomaster). However, applying automatic mon-
itoring to test more complex behaviors, such as learning and social
behaviors, remains technically difficult in these apparatus, and the
IntelliCage remains the most flexible system [15,57]. Home cage sys-
tems with single animals also present ethical problems when the animal
must be tested over prolonged periods of time. Complete isolation for
long periods in social species is a practice that is forbidden by European
Union ethical standards, unless justified by specific experimental re-
quirements (Directive 2010/63/EU; see also below).
9. IntelliCage: intelligent strategies are required
Automated behavioral testing in the home cage has been criticized,
not incorrectly, because it appears to obviate the necessity for experi-
mental thinking, reducing the engagement of behavioral scientists to
filling the systems with mice and data mining the output [116]. How-
ever, the IntelliCage requires a clear formulation of problems, hy-
potheses, expected results, and anticipated statistics, combined with
knowledge of what a mouse can do. It makes little sense to design
complex learning schedules to assess genetic or treatment effects when
control mice fail to solve the tasks. On the other hand, spatial learning
to find a corner in a home cage that provides a reward is no great
challenge, even for a mentally disabled mouse, whereas reversal para-
digms usually reveal deficits rapidly. Keeping this in mind, two stra-
tegies can be devised, which are not mutually exclusive.
9.1. Strategies for experiment planning: basic protocol
The first strategy consists of automated screening, with a maximum
of 2–3 weeks per study, to detect differences in spontaneous activity
[21] and simple spatial and operant learning. The goal is primarily to
detect behavioral signs of cerebral dysfunction. Obvious candidates for
this approach are toxicological models and the enormous number of
genetically modified mice. Upon detecting a behavioral difference, this
effect should be verified in standard tests to reveal possible emotional,
social, cognitive, and pathological mechanisms that may underlie the
debilitation. Depending on the outcome, further analyses may use
conventional behavioral tests or an IntelliCage that is specifically pro-
grammed to reveal deficits in more complex domains, such as im-
pulsivity, behavioral flexibility, or memory impairments. This approach
is feasible for the majority of laboratories that possess both the In-
telliCage and a standard battery of conventional tests.
In many cases, genetically modified mice that were not generated
for neurobiological studies revealed interesting cognitive phenotypes in
the IntelliCage. For example, in the field of immunology, such mouse
models may provide ideal targets for cognitive research, see the work of
Too et al. [27–30,36,119].
9.2. Strategies for experiment planning: advanced protocols
The second strategy is to use the IntelliCage to tackle neurobeha-
vioral problems that cannot be solved by conventional methodologies.
This strategy can be employed by laboratories that are experienced with
and rely heavily on the IntelliCage system for behavioral analysis. One
example is to emotionally profile individual mice and analyze traits that
predict the degree of alcohol addiction [72]. Similarly, Alboni et al.
[79] manipulated various physiological stress conditions in the In-
telliCage to analyze the effects of fluoxetine on depression-like beha-
vior. The above studies would have exceeded the capacity of most be-
havioral laboratories.
Finally, a recent study by Van Dijk et al. [38] robustly demonstrated
the capabilities of the IntelliCage system. They used 106 female C57/
BL6 and DBA/2 mice of two different age groups (9 vs. 17 weeks),
characterized by a peak of adult neurogenesis at 9 weeks and a decline
of neurogenesis at 17 weeks [120]. Moreover, the strains differed in
their level of adult hippocampal neurogenesis. The mice were tested in
the IntelliCage for 30 days with free exploration for the first 7 days, the
evaluation of impulsivity (i.e., the ability to withhold a nosepoke
during a waiting period) for 17 days (including training), and the
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assessment of anxiety by measuring the latency to re-enter a corner
where drinking attempt elicited an air-puff. Control mice were kept for
the same period of time in the IntelliCage without any testing. The
statistical analysis extracted 1457 behavioral readouts. After elim-
inating inter-correlated variables, the data were checked for individual
correlations with the number of newly generated neurons. Surprisingly,
the only solid correlation was found in the older mice. Animals with the
highest levels of adult neurogenesis exhibited minimal exploratory-like
behaviors, which were observed mainly during the first day in the In-
telliCage. Although this result indicates an unusual relationship be-
tween adult neurogenesis and the response to novelty, it also indicates
that many previous studies that analyzed behavioral correlates of adult
neurogenesis using standard tests did so in environments that were
essentially novel to the animals. Conventional approaches would un-
likely have the capability to detect this relationship as well as the In-
telliCage.
10. Overall conclusions
Altogether, we believe that the IntelliCage system deserves more
attention. Its flexibility in behavioral evaluation is exemplary, covering
both simple behavioral screening and more sophisticated cognitive and
emotional tests. It avoids many of the pitfalls that are inherent to
standard mouse testing, such as handling stress by human experi-
menters, the lack of standardized environments, procedures and data
structures, and limitations with regard to time and manpower to obtain
data from sufficiently large sample sizes for solid conclusions to be
drawn. Mice undoubtedly like this environment, and maybe scientists
can follow.
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